Pre-emphasis filters are used to pre-compensate for the transmitter frequency response of coherent systems to mitigate receiver noise enhancement. This is particularly essential for low-cost, low-power coherent transceivers due to having an extremely bandlimited transmitter. However, the pre-emphasis filter also increases the signal peak-to-average power ratio (PAPR), thus posing a higher effective number of bits (ENoB) requirement for the arbitrary waveform generator (AWG). In this paper, we first numerically study the PAPR impact of partial pre-emphasis filters. We show that with partial pre-emphasis, an ENoB reduction from 5 to 4.5 bits is attainable at the same signal-to-noise ratio (SNR) out of the AWG. Next, we experimentally investigate the overall performance penalty of partial pre-emphasis in a 50 Gbaud 16QAM coherent system. A manageable Q factor penalty of around 0.5 dB is found for both single-polarization and dual-polarization systems with a 0.8 dB PAPR reduction.
Introduction
The high-capacity, high-spectral efficiency and low operating expenses (OPEX) of coherent systems have made them attractive candidates for 400 G data center interconnects (DCI) as standardized in 400ZR by optical internetworking forum (OIF) [1] . Due to costly rack space in data centers, it is imperative to implement integrated coherent transceivers to fit small-sized pluggables such as Quad Small Form Pluggable-Double Density (QSFP-DD) to provide high switch-port density. This can be achieved using either silicon or InP-based technologies. The silicon photonics (SiPh) platform has an edge over its InP counterpart in terms of cost-effectiveness, since it leverages the complementary metal-oxide semiconductor (CMOS)-compatible process in silicon foundries.
Silicon photonic traveling wave modulators (TWMZMs) have been actively studied and show good potential for coherent applications [2] [3] [4] [5] [6] [7] [8] [9] . To meet the low power requirements in 400 G SiPh coherent systems, short TWMZMs with low V π are attractive, which allow for low-power radio frequency (RF) driver amplifiers (DA). However, this is obtained by trading off the modulator E-O bandwidth, which leads to the transmitter (Tx) low-pass filtering that is significantly stronger than the receiver (Rx) [8] . Furthermore, this is aggravated by the cascaded low-pass frequency response of the arbitrary waveform generator (AWG), which often possesses a comparably low bandwidth in the entire channel.
It is known that linear equalizers at the receiver can compensate for the frequency response of the entire channel, including the severely band limited Tx, but also incur undesired noise enhancement. One way to deal with the low bandwidth of the system is to use partial response signaling like duobinary (DB) modulation format or Tomlinson-Harashima precoding (THP) [10] [11] [12] [13] . However, both these solutions require an increased number of signal levels such that higher signal-to-noise ratio (SNR) is required for the same forward error correction (FEC) threshold. Moreover, DB FFE has either modulo loss due to modulo operation or increased DSP complexity due to the use of MLSE. Trellis coded modulation (TCM), though promising, increases transmitter and receiver complexity significantly [13] . So, a finite-impulse response (FIR) pre-emphasis filter is usually used at the Tx side to pre-compensate the Tx frequency response. Several works have been conducted on transmitter pre-emphasis targeting high-speed coherent systems [14] [15] [16] [17] . Authors in [14, 15] proposed a pre-emphasis filter for the AWG frequency response, and in [16] the authors presented an adaptive digital pre-distortion (DPD) algorithm to mitigate the undesirable linear and non-linear distortions of the AWG, digital to analog converter (DAC), and dual-polarization Mach-Zehnder modulator (DP-MZM). However, pre-compensating for the entire Tx low-pass filtering leads to increased signal peak-to-average ratio (PAPR) and reduced average signal power out of the AWG, thus degrading the transmitter signal-to-noise-ratio (SNR). We demonstrate in this work that by using a partial pre-emphasis filter, a lower signal PAPR is achieved and a higher signal power is obtained from the AWG. The work is part of the quest to understand and, ultimately, develop low-power transceivers that do not depend on the modulator driver, i.e., radio frequency amplifications.
In this paper, we first numerically study the change of the signal PAPR when the pre-compensation of the transmitter is reduced to varying degrees for a 50 Gbaud 16QAM signal. It is found that the effective number of bits (ENoB) requirement can be reduced by around 0.5 by using a partial pre-emphasis filter for the same transmitter signal SNR. Next, using discrete optical equipment, we experimentally characterize the overall performance penalty of partial pre-emphasis for a 50 Gbaud 16QAM short-reach coherent system with extremely bandlimited Tx. A 0.4 dBQ factor penalty is observed in single-pol case for a partial pre-emphasis filter with a frequency response drop of 6 dB at 20 GHz and for a dual-pol coherent system with polarization-dependent loss (PDL) and polarization-mode dispersion (PMD); this penalty is found to be 0.5 dB. We conclude that the use of pre-emphasis filter can relieve some ENoB requirement of the AWG at the cost of a manageable performance penalty.
The paper is organized as follows: an introduction to the SiPh modulators and model used is highlighted in Section 2. In Section 3, we present a numerical study of the PAPR change versus the extent of Tx pre-compensation. The experimental results and associated discussions are presented in Section 4. Design trade-offs and engineering advantages of partial pre-emphasis are discussed in Section 5.
Silicon Photonics Modulators
SiPh modulators are used at the front-end of the optical transponder to modulate a light beam produced by a tunable laser. The authors of this paper, in [2] , investigated push-pull modulator SiPh MZM fabricated in an Silicon-on-Insulator (SOI) process with low resistivity. As discussed by the authors in [9] , the length of the modulator transmission medium and the applied voltage bias determine the resulting frequency response (S 21 ). It was shown that the shorter the modulator, the higher is the 3 dB bandwidth when measured using small signal electro-optics (EO) measurements. The resulting frequency response with a bias voltage of 4 V is shown in Figure 1 . When modulator' RF drivers are used to boost the low voltage coming from CMOS digital to analog converter (DAC), a balanced RMS voltage is required. If the value is too high, it risks operating in the non-linear region of modulator (edges of the S-curve) and higher power consumption; if too low, it risks more carrier leak, which causes constellation to shift and degrades SNR. 
Pre-Emphasis in Layer-0 Optical Systems
Pre-emphasis filter is commonly used in optical communication systems to pre-compensate for part of or the entire channel inter-symbol interference (ISI), such that the noise enhancement associated with Rx equalization is alleviated. Nonetheless, the pre-emphasis filter applied to the signal at the Tx also burdens the AWG used to generate the RF signal due to increased signal PAPR. This leads to lower signal root-mean-square (RMS), and equivalently lower signal power out from the AWG, thus degrading the signal SNR when the power of the quantization noise, the thermal noise, as well as the harmonic noise are relatively stable. In this section, we present a simulation model to investigate the impact of the pre-emphasis filter on the signal SNR out from the AWG. Figure 2 shows the simulation setup. The digital signal, S(Ω), is generated and filtered by a root raised cosine (RRC) pulse shaper, √ ( ), with a roll-off factor of 0.125, followed by a digital preemphasis (DPE) filter. The AWG frequency response is modelled as a 3 rd order Bessel filter with 14 GHz of 3 dB BW operating at 64 GSa/s. If we ignore clipping, the quantization noise, nq(Ω), can be approximated as white noise, and the noise variance is given as Δ 2 /12, with Δ being the quantization step size. If the input to the DAC after pre-emphasis filter is X(Ω), we can derive
where PAPR is in dB and 2 is variance of signal fed into the DAC, X(Ω). So, this quantization step size, , depends on signal PAPR and ENoB. For the purpose of simplifying the comparison between different cases, we consider the nominal ENoB. An additional AWGN noise, nadd(Ω), is added along with the quantization noise to better match the practical AWG [18] . This noise is related to the SNR within the AWG module, and, as shown in reference [18] , this model shows considerable match with measurements and numerical simulation. The DPE is calculated using least mean square (LMS) algorithm considering only the limited bandwidth of the AWG at the beginning and then used for all other results. 
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Results and Discussion
Although by reasonably reducing the peaking of the partial pre-emphasis filter, the SNR of the signal from the AWG is increased as discussed before, the reliance on the Rx equalizer to compensate for the remainder of the Tx frequency response and the Rx frequency response results in increased noise enhancement, especially for low-cost coherent systems with extremely bandlimited Tx. This could result in overall performance penalty that is experimentally characterized in this section.
Impact of Partial Pre-Compensation on Q-Factor in a Single-Polarization Coherent System
We first investigate the performance penalty of partial pre-compensation relative to full pre-compensation in a 50 Gbaud 16QAM single-pol coherent system in back-to-back. Note that we use a low bandwidth Tx (10 GHz) in the experiment to better study the impact of partial pre-compensation on the performance of a low-cost, low-power coherent system. Though this limits the system from working at 60 Gbaud for 400ZR, the conclusion is still valid. The black (*) and red (+) curves in Figure 7 show the Q-factor penalty of partial pre-compensation versus the reduced frequency peaking of the pre-emphasis filter at 20 GHz obtained from experimental and numerical results, respectively. 
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Impact of Partial Pre-Compensation on Q-Factor in a Single-Polarization Coherent System
We first investigate the performance penalty of partial pre-compensation relative to full precompensation in a 50 Gbaud 16QAM single-pol coherent system in back-to-back. Note that we use a low bandwidth Tx (10 GHz) in the experiment to better study the impact of partial pre-compensation on the performance of a low-cost, low-power coherent system. Though this limits the system from working at 60 Gbaud for 400ZR, the conclusion is still valid. The black (*) and red (+) curves in Figure  7 show the Q-factor penalty of partial pre-compensation versus the reduced frequency peaking of the pre-emphasis filter at 20 GHz obtained from experimental and numerical results, respectively.
It is consistently found for the two curves that the Q factor penalty increases with increasing attenuation at 20 GHz. The black (*) curve indicates in the experiment that a 0.4 dB Q factor penalty occurs at 6dB attenuation at 20 GHz. This is due to increased noise enhancement at the receiver, since more Tx frequency response is compensated for by the receiver equalizer. The magenta (o) curve (right vertical axis) shows the PAPR of the RF signal into the modulator for different attenuation values at 20 GHz. Higher attenuation results in lower PAPR, which allows for the use of lower cost AWGs with smaller ENoB and RF amplifiers with less stringent requirements on linearity and smaller gain. The reduction of PAPR is, however, smaller than that found in simulation as we measure it after the AWG and DA, where low pass response of the Tx comes into play. We also measured the Q factor penalty associated with partial pre-emphasis for a 50 Gbaud 16QAM transmission after 80 km on SSMF at different OSNR values. We found that the Q factor penalty increases from 0 at 22 dB OSNR to 0.11 at 18 dB OSNR for an attenuation of 3 dB at 20 GHz. It is worthwhile to note that though the PAPR of the received signal increases due to chromatic dispersion (CD), the Q factor penalty remains stable. Figure 8 shows the BER for different levels of partial pre-emphasis in Back-to-Back (B2B) case for two different OSNR values. As mentioned earlier, the BER is similar after 80 km transmission. It is consistently found for the two curves that the Q factor penalty increases with increasing attenuation at 20 GHz. The black (*) curve indicates in the experiment that a 0.4 dB Q factor penalty Future Internet 2019, 11, 256 7 of 10 occurs at 6dB attenuation at 20 GHz. This is due to increased noise enhancement at the receiver, since more Tx frequency response is compensated for by the receiver equalizer. The magenta (o) curve (right vertical axis) shows the PAPR of the RF signal into the modulator for different attenuation values at 20 GHz. Higher attenuation results in lower PAPR, which allows for the use of lower cost AWGs with smaller ENoB and RF amplifiers with less stringent requirements on linearity and smaller gain. The reduction of PAPR is, however, smaller than that found in simulation as we measure it after the AWG and DA, where low pass response of the Tx comes into play.
We also measured the Q factor penalty associated with partial pre-emphasis for a 50 Gbaud 16QAM transmission after 80 km on SSMF at different OSNR values. We found that the Q factor penalty increases from 0 at 22 dB OSNR to 0.11 at 18 dB OSNR for an attenuation of 3 dB at 20 GHz. It is worthwhile to note that though the PAPR of the received signal increases due to chromatic dispersion (CD), the Q factor penalty remains stable. Figure 8 shows the BER for different levels of partial pre-emphasis in Back-to-Back (B2B) case for two different OSNR values. As mentioned earlier, the BER is similar after 80 km transmission. The BER threshold for the 400ZR FEC is chosen, as in [1], to be 0.0125. Based on 400ZR specifications from [1], typical link impairments are expected to be handled by the adaptive filter at the Rx. In order to stress-test the Rx equalization capability so it performs further post-compensation while keeping the manageable Q penalty, as shown in Figure 9 , we ran a dualpolarization experiment using the setup shown in Figure 7 . Using emulators, polarization-dependent loss (PDL) of 3.5 dB and polarization-mode dispersion (PMD) of 28 ps were set. PC1 and PC2 are used to scramble the signal polarization, emulating state-of-polarization (SOP) variations at rotation rates of 1 rad/ms and 50 rad/ms, respectively. Additionally, we included, as typically used in pointto-point DCI connections, a 75 GHz C-band channel mux/demux (CMD) at the ingress and egress of the fiber model with a 3dB net half bandwidth of 36 GHz. With a modulator attenuation at 20 GHz equal to 3, 6, and 9 dB, when comparing full versus partial pre-emphasis in presence of impairments, the Q-factor penalty is measured to be 0.25, 0.5, and 1.1 dB, respectively. In comparison to the data presented in Figure 6 , the results show that adding impairments does not introduce more than 0.1 dB of additional penalty. 
Impact of Partial Pre-Compensation on Q-Factor in a Dual-Polarization Coherent System with PDL and PMD
Based on 400ZR specifications from [1], typical link impairments are expected to be handled by the adaptive filter at the Rx. In order to stress-test the Rx equalization capability so it performs further post-compensation while keeping the manageable Q penalty, as shown in Figure 9 , we ran a dual-polarization experiment using the setup shown in Figure 7 . Using emulators, polarization-dependent loss (PDL) of 3.5 dB and polarization-mode dispersion (PMD) of 28 ps were set. PC1 and PC2 are used to scramble the signal polarization, emulating state-of-polarization (SOP) variations at rotation rates of 1 rad/ms and 50 rad/ms, respectively. Additionally, we included, as typically used in point-to-point DCI connections, a 75 GHz C-band channel mux/demux (CMD) at the ingress and egress of the fiber model with a 3dB net half bandwidth of 36 GHz. With a modulator attenuation at 20 GHz equal to 3, 6, and 9 dB, when comparing full versus partial pre-emphasis in presence of impairments, the Q-factor penalty is measured to be 0.25, 0.5, and 1.1 dB, respectively. In comparison to the data presented in Figure 6 , the results show that adding impairments does not introduce more than 0.1 dB of additional penalty.
the fiber model with a 3dB net half bandwidth of 36 GHz. With a modulator attenuation at 20 GHz equal to 3, 6, and 9 dB, when comparing full versus partial pre-emphasis in presence of impairments, the Q-factor penalty is measured to be 0.25, 0.5, and 1.1 dB, respectively. In comparison to the data presented in Figure 6 , the results show that adding impairments does not introduce more than 0.1 dB of additional penalty. 
Design Trade-Offs
An important aspect of 400ZR system design is power consumption. Reducing the frequency response peaking of the pre-emphasis filter, i.e., relying more on the post-compensation of the channel ISI, increases the signal power out from DAC, thus lessening the required gain of the driver or EDFA.
We summarize that partial pre-emphasis provides the following advantages for coherent system design at the expense of manageable performance penalty: (i) this leads to less signal distortion from the nonlinearity of the RF DA and modulator due to reduced PAPR. It also helps mitigate the effect of fiber nonlinearity during transmission [19] . However, this has minimal performance impact on the targeted short-reach transmission, i.e., 100 km specified for 400ZR. (ii) It allows the transceiver to be more resilient to jitter induced by the PLL driving the DAC clocking. It is known that high-frequency components are more sensitive to jitter [20] , therefore by performing less peaking (i.e., by reducing amplitudes of high-frequency components), smaller system SNR degradation is observed. As follows, the SNR degradation due to jitter (T jitter ) is calculated as a function of frequency components of the signal (Freq in ) SNR jitter [dBc] = −20 * log 2 * π * Freq in * T jitter (2) (iii) It relaxes the "Adjacent channel isolation" per port specification for the channel Multiplex/DeMultiplex (CMD), since for point-to-point fixed grid systems (i.e., 75 GHz), partial pre-emphasis means that the inter channel interference will be mitigated due to less power leakage from adjacent channels. This also applies to gridless (or flexible-grid) coherent networks though not yet included in the 400ZR standard. (iv) Moreover, the fidelity of clock phase error estimators, such as Gardner [21] and Godard [22] , that depends on the clean energy at the low and high end of the signal frequency response improves since partial pre-emphasis reduces the leaked noise into the edges of neighboring channels [23] .
Conclusions
In this work, we evaluate the impact of implementing partial pre-emphasis for low-cost, low-power short-reach coherent systems. The numerical and experimental results indicate that partially pre-compensating for the Tx low-pass filtering leads to decreased signal PAPR, and this can help reduce the AWG ENoB requirement to a certain extent. In addition, the signal power increase from the AWG output suggests that RF DAs with lower gain can be employed to drive the modulator. It is also found that the performance penalty due to partial pre-emphasis is manageable for both single-pol and dual-pol coherent systems.
